Several methods exist to isolate specific germ cell populations-a common prerequisite to investigate cell type-specific regulatory programs in heterogeneous tissue (Meistrich, 1977) . Approaches such as STA-PUT, which requires expertise in the morphological identification of germ cells, take advantage of differences in cell size and sedimentation velocity to separate enriched populations of germ cells with high yields (Bryant, Meyer-Ficca, Dang, Berger, & Meyer, 2013) . Immunomagnetic isolation can provide highly pure, viable cell populations; however, the number of specific cell types that can be collected is limited ( Van der Wee, Johnson, Dirami, Dym, & Hofmann, 2001 ).
Separation and simultaneous collection of multiple cell populations can be achieved using Hoechst-based flow cytometry approaches (Bastos et al., 2005; Gaysinskaya, Soh, van der Heijden, & Bortvin, 2014) . Testicular cell suspensions are stained with the DNAbinding dye bis-benzamide Hoechst 33342 (Ho) followed by fluorescence activated cell sorting (FACS) to discriminate cells based on DNA content and chromosome structure. The latter is possible due to a chromatic shift in Ho emission (from red to blue) as the concentration of DNA-bound Ho increases (Petersen, Ibrahim, Diercks, & van den Engh, 2004) . This allows further discrimination of subpopulations of germ cells with the same DNA content such as primary spermatocytes in different steps of meiotic I prophase, and spermatogonia from secondary spermatocytes (both diploid). Although emission spectra of diploid germ cells and somatic testis cells overlap, we have demonstrated that this barrier can be overcome by combining Ho staining with germ cell-specific GFP-labeling (discussed below).
Cre-lox tools have revolutionized cell and developmental biology research. The general approach uses Cre recombinase from bacteriophage P1 to direct site-specific recombination at short sequences (LoxP elements) present in a target gene (Sauer & Henderson, 1988) .
Using inducible or tissue-restricted promoters, Cre expression can be controlled in a temporal and cell-type specific manner. We previously used Cre-lox to label germ cells with green fluorescent protein (GFP) combined with Ho staining and FACS to quantify spermatogenic defects in 9-week-old mice with germ cell-specific ablation of Ptbp2 (Zagore et al., 2015) . This approach utilizes the Stra8-iCre driver (Sadate-Ngatchou, Payne, Dearth, & Braun, 2008) and the IRG transgene (a LoxP-containing dual fluorescence reporter that switches expression from red to green fluorescent protein after Cre-recombination) (De Gasperi et al., 2008) . We also showed that combining these transgenes allows efficient labeling and collection of limiting numbers of spermatogonia present in p6 testes of Dazl knockout mice for transcriptome-profiling (Zagore et al., 2018) . Although these prior studies highlight the power of GFP-labeling and FACS to quantify and isolate adult and early postnatal germ cells, respectively, a direct comparative analysis of GFP expression in different spermatogenic cell types has not been performed. Furthermore, the usefulness of the IRG transgene as a reagent to study embryonic and perinatal stages of germ cell development was not investigated.
In this report, we further assessed the utility of Cre-lox GFPlabeling of germ cells using the IRG reporter as a tool for spermatogenesis research. Following cells in the first wave of spermatogenesis, we show that GFP is present in all germ cell stages. Furthermore, we show GFP intensity is markedly different between round and elongating spermatids, and that this difference can be exploited as an additional FACS parameter to quantify and isolate round versus elongating spermatids. We also show that the IRG transgene can be used in combination with the Ddx4-Cre driver to label gonocytes during embryogenesis, providing a means to quantify and collect these cells for molecular analyses. Lastly, we quantitate germ cell restricted IRG recombination using two different Cre-drivers (Stra8-iCre and Ddx4-Cre) and demonstrate high specificity and efficiency of this labeling strategy. Collectively, our findings demonstrate that GFPlabeling of germ cells with the IRG transgene and germ cell-specific Cre drivers as an effective research tool to discriminate, quantify, and collect germ cells from perinatal to adult testes.
2 | RESULTS 2.1 | GFP-labeling mitotic, meiotic, and post-meiotic germ cells with Stra8-iCre and IRG To assess GFP expression during spermatogenesis, we used FACS to examine Ho-stained cells from Stra8-iCre+ IRG+ seminiferous tubules collected at p23, p35, and p42 ( Figure 1 ). After gating for GFP+ cells, three diagonal bands corresponding to 1C, 2C, and 4C cells are evident, as expected (Zagore et al., 2015) . (Bellve et al., 1977; Bellvé, Millette, Bhatnagar, & O'Brien, 1977) ( Figure 1b expressed from the IRG transgene was observed in spermatogonia present in p6 testes. Importantly, GFP was restricted to DDX4+ cells, and greater than 95% of DDX4+ cells were also GFP+ across multiple ages and biological replicates indicating highly efficient and specific labeling using the Stra8-iCre driver (Table 1) 
| Differential GFP levels mark round and elongating spermatids
Immunofluorescence microscopy shows that GFP intensity was comparable in the cytoplasm of spermatogonia, spermatocytes, and round spermatids. Unexpectedly, GFP intensity increased significantly in elongating spermatids. A distinctive process during spermiogenesis is formation of the acrosome-a Golgi and endosome derived vesicle which first appears as a pro-acrosomal granule, then attaches and extends over the nuclear membrane (Berruti, 2016) . To determine the precise step when GFP levels increase, we used fluorophore-conjugated PNA to assess acrosome formation and classify spermatids in the 16 defined steps of differentiation (Nakata, Wakayama, Takai, & Iseki, 2015) (Figure 3a -e).
Increased GFP intensity was first observed in spermatids at step FIGURE 2 Stra8-iCre mediated GFP expression throughout the first wave of spermatogenesis in Stra8-iCre+, IRG+ mice. (a-e) Representative images of GFP and Ddx4 expression in seminiferous tubule cross sections at ages p6, p11, p19, p29, and p35 are shown. Note that because of a large dynamic range in GFP expression, GFP intensity is not to scale between different age time points. Scale bars represent 15 μm FIGURE 3 Staging of seminiferous epithelial cells to pinpoint the timing of increased GFP expression. (a-e) Cross-sections from p35 Stra8-iCre+, IRG+ mouse testes were stained for GFP and peanut agglutinin (PNA) was used to assess acrosomal status. Representative images of spermatogenic stages I, III, VI, VIII, and X are shown. (a,b) In spermatogenic stages with multiple populations of spermatids, distinct differences in GFP expression can be observed between round spermatids (white arrows-Spermatid differentiation steps 1-8) and elongating spermatids (red arrows-Spermatid differentiation steps 9-16), with higher GFP signal in the latter. (b,c) Blue arrows denote cytoplasmic droplets of step 15-16 spermatids, as they contain no nucleus and high levels of GFP protein. d. The subtle difference in GFP expression first begins when round spermatids progress to step 8 (compare white arrows). Scale bars represent 15 μm Germ cells were identified as DDX4+ cells and the overlap between GFP+ cells and DDX4+ cells was calculated using two biological replicates. The high number of cells both GFP+ and DDX4+ provide a measure of the efficiency recombination and cell restricted Cre-expression.
8 (Figure 3d ), when the acrosome has spread over approximately onthird of the nucleus and some round spermatids have oriented toward the basal membrane. Thereafter, GFP intensity continually increased and by step 10 elongating spermatids showed a marked difference compared with pachytene spermatocytes (Figure 3e ).
During spermatid differentiation, most mRNAs assemble into translationally repressed ribonucleoprotein complexes (RNPs) in a sequence-independent manner (Schmidt, Hanson, & Capecchi, 1999) . Only select mRNAs are translated in elongating spermatids.
Notably, Prm1 mRNA is made in round spermatids, maintained in a translationally repressed state, then activated for translation in elongating spermatids (Lee, Haugen, Clegg, & Braun, 1995) . Therefore, the observed increase in GFP intensity in elongating spermatids was (Table 1 ). These observations confirm expression of the IRG transgene and GFP-labeling in gonocytes, thus providing a means to identify and collect gonocytes from perinatal mice.
| Discussion
Cell-type specific DNA recombination using Cre-lox technology is a powerful approach to study distinct cell types in tissues with high cellular heterogeneity. We previously took advantage of the Stra8-iCre and IRG transgenes to examine germ cells in adult and early postnatal testes (Zagore et al., 2015; Zagore et al., 2018 While Cre-lox recombination approaches have been implemented in countless studies, expression of Cre does not always follow the expected expression pattern dictated by a given promoter (Smith, 2011) . Furthermore, concerns arise as many publications report complications, such as unexpected Cre expression, variable Cre recombination efficiency, and potential toxicity (Eckardt et al., 2004; Matthaei, 2007; Schmidt-Supprian & Rajewsky, 2007) . Both
Stra8-iCre and Ddx4-Cre drivers performed well in terms of recombination efficiency and cell-type specific recombination of the IRG transgene. However, GFP+ DDX4− cells were more prevalent using the Ddx4-Cre driver as compared with Stra8-iCre driver (4.27 vs. 0.18%). Consequently, if embryonic or perinatal labeling is not required for subsequent analysis, Stra8-iCre may prove a better choice for germ cell restricted Cre recombinase expression. These
Cre-drivers could be replaced with other temporally regulated drivers and coupled with FACS; however, further characterization is necessary to assess ectopic Cre expression and unanticipated effects.
The fortuitous observation that GFP intensity differs considerably between round and elongating spermatids provides a simple means to readily separate these two populations of haploid cells by FACS.
Importantly, since spermatids are the only haploid cells in the testis, a chromatic shift in Ho fluorescence emission is not required to distinguish GFP+ spermatids from other germ or somatic cell types. As a result, the general strategy described here to distinguish round and elongating spermatids should be compatible with a range of DNA binding dyes and flow cytometers. Therefore, we anticipate that FACS-based discrimination of round and elongating GFP+ spermatids may be a broadly applicable strategy that will benefit researchers studying different aspects of reproductive biology. This includes, but is not limited to, studies of chromatin remodeling and compaction;
post-transcriptional gene regulation; and flagellum development-all of which are critical to produce fertile spermatozoa.
| MATERIALS AND METHODS

Antibodies
Rabbit monoclonal anti-GFP (Abcam) for 1 hr followed by three 5-min washes in PBST. An additional 1 hr incubation was performed using 1:100 anti-rabbit Cy3 (Jackson ImmunoResearch) and 1:100 anti-mouse Alexa-488 (ThermoFisher) or 1:500 Lectin-PNA Alexa-488 (ThermoFisher). Three 5-min washes in PBST were performed before staining with 0.5 μg/ml DAPI for 5 min and rinsing in 1× PBS. Finally, the tissue was mounted on coverslips with Fluoromount G (Southern Biotech). Images were captured using a Deltavision Deconvolution Microscope.
| Flow cytometry analysis of seminiferous epithelial cells
Dual fluorescent FACS approach was performed as previously described (Zagore et al., 2015) . Briefly, mouse testes were detunicated in cold 1× GBSS (Sigma) and pooled into a 15 ml conical tube containing 3 ml single-cell suspension buffer (1× GBSS, 120 U/ml collagenase type 1 [Worthington Biochemical]) prewarmed to 33 C. After addition of 10 μl 1 mg/ml DNaseI (in 50% glycerol), tubes were placed horizontally at 33 C, 120 rpm, for 15 min to promote dissociation of seminiferous tubules. Following incubation, the conical tubes were placed upright for 1 min to allow tubules to settle. The supernatant containing interstitial cells was removed using a wide mouth pipet and the collagenase digestion was repeated. Settled tubules were resuspended in 2.5 ml prewarmed (33 C) 1× GBSS containing 120 U/ml collagenase type I, 10 μl 1 mg/ml DNaseI, and 50 μl 50 mg/ml trypsin (Worthington Biochemical). Tubes were inverted gently to mix and placed horizontally at 33 C for 15 min at 120 rpm. A wide mouth pipet was used to disrupt tubules for 3 min, followed by the addition of 10 μl 1 mg/ml DNaseI, and 30 μl 50 mg/ml trypsin. The tubes were placed horizontally and incubated again at 33 C for 15 min at 120 rpm. To inactivate trypsin, 400 μl prewarmed (33 C) filter sterilized fetal bovine serum (ThermoFisher) was added and cells were pelleted for 5 min at 500 rcf. Finally, the dissociated cells were suspended in 3 ml prewarmed (33 C) 1× HBSS containing 10 μl 1 mg/ml DNaseI. After counting cells on a hemocytometer, 5 μg 
| Sucrose gradient polysome analysis
Mouse testes were collected and detunicated in 1× cold HBSS and flash frozen on dry ice. Tissue was lysed in 320 μl lysis buffer (20 mM HEPES, 100 mM NaCl, 3 mM MgCl 2 , 0.5% Triton X-100, 100 μg/ml emetine) and disrupted using a 1 ml syringe plunger. Lysates were incubated on ice for 5 min after the addition of 4 μl recombinant RNasin (40 units/μl) (Promega). About 200 μl of lysate was loaded onto a 10-45% sucrose gradient and centrifuged for 2 hr at 4 C at 40,000 rpm in a Sw41Ti rotor. After centrifugation the gradient was fractionated into 16 fractions (1st and 16th fractions discarded) and stored at −80 C. 25% of each fraction was used for Ribozol (VWR)
RNA isolation followed by isopropanol precipitation. Residual DNA was removed using the Turbo DNA-free kit (ThermoFisher) according to manufacturer's instruction (routine DNase treatment using 2 U of Turbo DNase for 30 min at 37 C). qRT-PCR analysis was performed as previously described (Zagore et al., 2015; Zagore et al., 2018 ) using the following primers: Prm1 F: CGCCGCTCATACACCATAAG, Prm1 R: GGCGAGATGCTCTTGAAGTC, EGFP F: GGTGAACTTCAA-GATCCGCC, EGFP R: CTCAGGTGGTTGTCGGG. 18S ribosomal RNA was assessed using a TaqMan Gene Expression Assay designed for mouse Rn18s (ThermoFisher).
